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3Abstract
A nano-satellite, mass < 10 kg, is a kind of satellite which has the advantages of
low cost and  short time from start of the project to launch of the satellite. The
attitude control system is the system that helps the orbiting satellite to point in
the desired direction. With the help of different devices, it is possible to turn the
satellite or to stop a rotation. One device that can perform this control is a
reaction-wheel. This consists mainly of an electric motor and a flywheel. When
the motor starts and accelerates, due to the moment of inertia of the flywheel, it
exerts a torque onto the satellite. Since there are currently no such commercial
devices of a suitable size for nano-satellites, they have to be home-made. In
order to save some space and weight, we hoped that the reaction-wheel could be
built without an enclosing pressure chamber that prevents the lubrication to
evaporate. Unfortunately, we found no solution for this problem. The only way
to get a reliable and safe design is to enclose the reaction-wheel and lubricate the
bearings with oil.
Sammanfattning
En nanosatellit är en typ av satellit med en massa < 10 kg, den har fördelen av
att tiden från projekt start till uppskjutning är kort samt att kostnaden är
förhålladevis låg. Attityd kontroll systemet är det system som hjälper satelliten i
sin omloppsbana, att hålla antenner och solpaneler riktade åt rätt håll. Med hjälp
av olika apparater kan man få satelliten att vrida sig eller bromsa in den om den
roterar. En apparat som kan utföra den här uppgiften kallas för reaktionshjul.
Den består huvudsakligen av en elektrisk motor och ett svänghjul. När motorn
startar och accelererar kommer den pga svänghjulets tröghetsmoment att utöva
ett moment på satelliten. Eftersom det inte finns några sådana apparater i
lämplig storlek, får man göra dom själv. Eftersom det är eftersträvansvärt att
hålla låg vikt och små dimensioner på reaktionshjulen så borde de byggas utan
den tryckkammare som omsluter reaktionshjulet och förhindrar att lagrens
smörjmedel förångas. Olyckligtvis fanns det inget sätt att lösa problemet med
friktionen i kullagren. Det enda säkra sättet att få en pålitlig konstruktion är att
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6Preface
During this work I made contact with satellite technology for the first time. It was a very
interesting experience. To be able to design a reaction-wheel I had to learn the dynamics of a
satellite. I also had to learn more about electric motors, mainly brushless dc-motors and how
to control them. Another subject, which I got a brief introduction into, was how to lubricate a
bearing in vacuum, i.e. tribology. Hopefully, this work will be of some use in the future




To have a satellite in space is not just to launch the satellite and start to send and
transmit signals. There are a few more things to have in mind. For example, the
attitude control is essential.  The attitude control system helps the orbiting
satellite to point in the desired direction. With the help of various devices it is
possible to turn the satellite or to stop a rotation. Common devices that can
control the satellite's attitude are magnetic torque coils and/or reaction- wheels.
If the satellite is equipped with a magnetometer and a sun sensor it can orientate
itself and learn what is "up" and "down" and where the earth is. It can activate
the attitude control device and adjust its attitude to what is needed.
There are different categories of satellites:
Large satellite          m >1000kg
Small satellite 500< m <1000kg
Mini satellite 100< m <500kg
Micro satellite   10< m <100kg
Nano satellite          m <10kg.
Obviously, the equipment needed for a nano-satellite has to be small and light.
The existing commercial attitude control devices are designed for larger
satellites and can't be used in a nano satellite.
 Since the magnetic torque coils don't offer the necessary accuracy and there is
not space enough to use both magnetic torque coils and reaction- wheels, the
alternative is to use reaction-wheels. Due to the lack of atmosphere (vacuum)
and gravity in space, some problems in building and testing reliable equipment
show up. The space-environment is difficult to simulate. The reaction-wheels
commercially available are enclosed in a chamber with nitrogen gas at a pressure
of 0.5 atm. This makes it possible to have the bearings lubricated with grease or
oil. The pressure prevents the lubrication of the ball bearings from evaporating.
However, the chamber represents extra weight and occupies extra space as well.
In this work, the possibility to build the reaction-wheels without this chamber
was analysed. If this would be possible, the satellite could be built smaller and
lighter. For such a wheel, the use of bearings that can run without lubrication is a
must.
Hugin and Munin are two similar nano satellites (m=5kg) under development by
the Swedish Institute of Space Physics (Munin) and The Royal Institute of
Technology (Hugin).
The Hugin project is explicitly designed to test magnetic torque coils and
adaptive neural network (ANN) algorithms for attitude control purposes.
The lifetime of Hugin is estimated to be two years and orbit at a height of 1000
km. The reaction-wheel is supposed to run for 15minutes during each revolution
that Hugin makes around Earth, which will take approximately 1 hour. The
bearings will, therefore, run for 15 minutes and rest 45minutes. This gives a
minimal required lifetime of the bearings, of 4000hours.
8The task to design and build a reaction-wheel for a nano satellite consists of
several steps:
-Calculate the centre of mass of the satellite
-Calculate the moment of inertia of the satellite
-Calculate the angular momentum of the satellite
-Calculate the mass, angular velocity
-Determine sizes and choose the material of the wheel
-Find vacuum compatible (ball) bearings
-Find a suitable motor and its driving circuits
-Manufacture all necessary parts
-Assemble and test
In the following sections each of these steps is discussed in detail.
92 Attitude control
 In a satellite, solar panels, antennas and cameras have to point to a desired
direction and the satellite as a whole has to overcome in-orbit disturbances such
as drag, radiation pressure, etc. It is therefore necessary to provide it with an
accurate and reliable attitude control system. Otherwise, it would not be possible
to keep in contact with Earth.
 There are mainly two different methods available to orient and stabilise a
satellite: magnetic torque coils and/or reaction-wheels.
 They have to be mounted orthogonal, one for each axis (x,y,z). Both the
magnetic torque coils and reaction-wheels rely upon electricity, from solar-
panels and/or batteries, and therefore there is no need for any kind of fuel.
 
Magnetic torque coils
 In a satellite, we can make an electromagnet by installing a coil and passing a
current through it. If this electromagnetic field is not aligned with the Earth's
field, a torque is applied to the coil. Since the coil is attached to the satellite, the
torque is applied to the whole satellite, turning the satellite into alignment with
the Earth's field. If the earth's and coil’s fields happen to be aligned, there won’t
be any torque applied, because torque results from the misalignment of the
fields. Thus, no misalignment: no torque.
 There is no complicated mechanics involved, only a current regulating circuit.
However, the magnetic torque coils provide low precision in control of the
attitude and, close to the equator, they just don't work at all.
 
Reaction-wheels
 Reaction-wheels are, in comparison to magnetic torque coils, a lot more precise
in attitude control. There are two main parts in a reaction-wheel, the motor and
the flywheel. When the motor starts and accelerates, due to the moment of
inertia of the flywheel, it exerts a torque on the satellite. The direction of this
torque is opposite to that of the rotation of the wheel, [eq.4.2]. As long as the
wheel is accelerating there is a torque exerted. This torque will turn the satellite
or stop the motion of it. With a reaction-wheel, the position of the satellite can
be controlled with high accuracy, within 0.1 degrees.
 Assuming the satellite is initially not moving and a voltage is applied to the
motors of the reaction-wheels, the wheel starts to rotate. This initiates an
accelerated motion of the satellite. Stable control of this motion to reach a
specific rate of angular velocity of 1deg/sec, for example, will need both P and I






Magnetic torque coils are easy to install on the satellite, but cannot orient the
satellite accurately enough, within ± °2 , and do not work close to the equator.
However, magnetic torque coils are sometimes used together with reaction-
wheels. The angular velocity of a reaction-wheel tends to increase with time and
when the upper limit is reached, the magnetic torque coils can be used to dump
momentum. The bearings are the most important parts of a reaction-wheel and,
at this time, their weak point. A quite well known example of that is the Hubble
Telescope, which has suffered from damaged bearings in the reaction-wheels.
Nevertheless, reaction-wheels are preferred due to higher accuracy and they
work wherever they are.
3 Nano satellites
 A satellite with m < 10 kg is referred to as “nano-satellite”.
 One advantage with a small satellite is the short time it takes from the start of
the project to the launch. Another advantage is the low cost compared to a large
satellite. This will make it possible for research teams to build their own
satellites.
 A disadvantage is, of course, the lack off space available, so the equipment have
to be very well designed to fit. Another disadvantage is that the parts needed
may not be manufactured in a size suitable for a nano-satellite so they have to be
home made, although this can make the parts cheaper.
 
Satellite design
 There are many important parameters to keep in mind when designing a satellite.
Among those things, the total mass of the satellite must be kept within specified
limits. When launching, the rocket is prepared to take a specified load and
nothing else. If the centre of mass is out of the proper position, it could cause
problems when the satellite separates from the rocket (it can start rotating).
Some other important things to take into account are vibrations and EMC
(electro magnetic compatibility) requirements, as well as power availability.
 
 Hugin has solar panels on all six sides so there will always be one side pointing
to the sun. The lower compartment is occupied with the radio, sun sensor and
reaction-wheels. The next deck has the power electronics and the batteries, a
camera and the housekeeping-computer hanging from the ceiling. The top deck
has the attitude control-computer positioned so that half of the computer
assembly is on top of the deck and the other half is underneath (there is a hole in
the deck to lower the centre of mass).
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4 Dynamics
 In order to choose the size of the reaction-wheel it is necessary to first calculate
the centre of mass, moment of inertia and finally the angular momentum for the
satellite. When the mass of the wheel is calculated, the density of a suitable
material defines the limit for the wheel size.
 The angular momentum for the reaction-wheel has to cancel the angular
momentum of the satellite.
 The angular momentum is defined as L I= ⋅ω . [eq.4.1]
 
 The momentum cancellation can be expressed as:
 I Isat sat wheel wheel⋅ = ⋅ω ω [eq.4.2]
 The max. angular velocity of the satellite, when rotating without control, is
estimated to be: ωsat
rad
s= 122.
 To calculate the moment of inertia of the satellite, Isat , one method is to start




















































  ; ∆i dm=   z z coordi = _
 
 ∆ i dm= : Mass of each individual part
 z z coordi = _ : Distance from origin to centre of mass of each individual part
 
 When the centre of mass for the satellite is known, the distances from this point
to the centre of mass of each part are calculated and used in the moment of
inertia calculations.
 The distances are calculated from the x, y and z-co-ordinates.
 




 I I dm rx x= + ⋅'
2 [eq.4.5]
 I I dm ry y= + ⋅'
2
 I I dm rz z= + ⋅'
2
12
 In the calculations of I I and Ix y z' ' ', , the satellite’s parts are assumed to be a
solid or hollow box, a cylinder or a plate. Some parts are combined, to give a
better approximation.
 
 In [eq. 4.2] it is possible to either set ωwheel  and solve for Iwheel or to do the
opposite way, i.e. solve for ωwheel .
 
 The design of the satellite was not ready by the time this was done. Therefore, it
was necessary to estimate the position of the centre of mass of some parts. Due
to their uneven shape, this was difficult to do with high accuracy. In some cases,
not even all parts were accessible, or just the outer sizes and mass were known.
 Fig.1 Centre of mass.
 
 It was necessary to chose the position of some parts so that the centre of mass of
the complete satellite could be as close as possible to the optimal position, which




 To find the optimal wheel parameters, a file in MS-Excel was prepared. In this
file the wheel size, wheel material density and data of all satellite parts are
included and the outputs are as follows:
-The speed of the wheel
-The moment of inertia of the satellite
-The weight of the wheel
-The weight of the satellite
-Centre of mass of the satellite
The wheel has the shape of a cup housing the motor inside. This was the optimal
shape due to the limited space available. The material selected for the flywheel
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is austenitic stainless steel (non-magnetic), a little lighter but a lot stronger than
brass. These materials are common, non-magnetic, and easy to machine to the
desired shape. Actually, a final design of the wheels might require the use of
materials with density higher than steel. Suitable alloys with Tungsten would
lower the rpm’s required.
 To calculate the inertia of the wheel, it was separated into three pieces: tube,
disc and hub, (fig2).
 
 
 Their moment of inertia can be expressed as: I m r ri o= +
1
2
2 2( ) [eq.4.6]
 Fig.2 Tube, disc and hub.
 
 The final size of the wheel is:
 outer diameter 45mm
 inner diameter 40mm
 height (excl. hub) 21.5mm
 height (incl. hub) 26.5mm
 weight (incl. hub, screw) 78gram
 
Satellite data from the MS-Excel file:
 
 Weight of the satellite: 4.937 kg
 Weight of the flywheel: 0.0753 kg
 Centre of mass of the satellite (m): (0.111, 0.103, 0.0788)
 
 Speed of reaction-wheels
 x-axis: 20347 rpm
 y-axis: 21108 rpm
 z-axis: 18106 rpm
 
 Moment of Inertia of the satellite
 IX: 0.0526 kgm
2
 Iy: 0.0545 kgm
2





 It is desired to stabilise the satellite as quickly as possible. If the satellite's
contact with Earth is limited, 15 min per revolution round Earth as Hugin, it is
essential to have the satellite accessible as fast as possible, i.e. to direct antennas
and solar panels. The motor power has to be large enough to stabilise the
satellite within a suitable time:
 ∆t P L Lmotor wheel wheel sat satfinal initial⋅ = ⋅ − ⋅ω ω [eq.4.7]
 ∆t = Stabilising time
 
 A ∆t  of 20 s was estimated to be the desired time to stabilise the satellite but a
more realistic time is 40 s. A nano-satellite has a limited power-supply and
cannot allow the motors of the reaction-wheels to drain the batteries.
 The power output of the motor: P Wmotor = 17.
 It is essential to read the motor specifications careful and check for either power
input or output and efficiency of the motor.
 
General requirements for the motor-bearing system
 At the height of 1000 km the atmospheric pressure is about 10 9− Torr . This
implies that the motor has to be vacuum compatible or, to be more precise, the
bearings must be able to cope with a lack of lubrication. The choice of bearings
seems to be the most difficult problem to solve. The best solution would be to
use a magnetic bearing (long lifetime, low friction, and high velocity) but that is
a complicated technology that would require more time than was available for
this project. The most realistic solution is to use a ball bearing
 The demands for the bearings are as follows:
 lifetime: ≥ 4000 hours
 max. speed: 20000 rpm
 temp-range: − ° °60 110C to C
 main shaft diameter: 5 10− mm
 outer diameter: ≤ 22 mm
 width: 6-8mm
There are no commercial reaction-wheels of the size needed for a nano-satellite
available for purchase. There are companies like Ithaco (fig.3), OSSS, Teldix
and Ball manufacturing reaction-wheels but they only make reaction-wheels for
large satellites.
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Fig.3 Ithaco Type A and  B Reaction-Wheel.
Wheel Diameter: from 20.5 cm
Wheel Height: from 6.4 cm
Mass Reaction-Wheel: from 2.55 kg
5 Motors and electronics
DC-motors
The stator is the stationary outside part of a motor. The rotor is the inner rotating
part. The stator of a permanent magnet dc-motor is composed of two or more
permanent magnet pole pieces. The rotor is composed of windings that are
connected to a mechanical commutator, (fig.4). Opposite polarities of the
energised winding and the stator magnet attract and the rotor rotates until it is
aligned with the stator. Just as the rotor reaches alignment, the brushes move
across the commutator contacts and energise the next winding. If the
connections to a dc motor are reversed, the motor will change directions. There
are some disadvantages with a dc-motor, such as maximum speed and electrical




Brushless DC- motors  (BLDC)
 The basic principle of operation is similar to that of a dc motor. A brushless dc-
motor has a rotor with permanent magnets and a stator with a winding. The rotor
has 2 or more magnetic poles. The winding are wound in pole pairs with 4 or
more poles. If the winding has 6 poles (which is very common) it is wound in a
delta or star configuration, compare with a three phase AC-motor. The brushes
and commutator have been eliminated and replaced with Hall-effect or optical
sensors. These sensors and the winding are connected to the control electronics,
which replace the function of the commutator and energise the proper poles,
 (fig.5). The poles are energised in a sequence that rotates around the stator. The
energised stator winding leads the rotor magnet, and switches to next pair of
poles just as the rotor aligns with the stator. There are no sparks, which is one
advantage of the bldc-motor. Bldc-motors are cleaner, faster, more efficient, less
noisy and more reliable. Another advantage of the bldc-motors is that the heat




 Fig.5 electronic commutation
 
 A disadvantage is that they require electronic control (some motors have
integrated electronics) and they are expensive compared with the dc-motors.
 
Disc magnet stepper motor
 API-Portescap makes a motor type called turbo disc stepper (P310-158-005)
which is a stepper motor but has a very high upper speed limit (15000 rpm),
(fig.6). In this application there is no need for the stepping but this motor is light
(40g) and small, which makes it interesting to consider.
 The rotor, as the heart of this technology, consists of a rare earth magnet shaped
as a thin disc and axially magnetised with a large number of pole pairs. This




 For this application (as a reaction wheel), the motor must have a maximum
speed of at least 15000 rpm combined with low power consumption, low weight
and small size. The most suitable is the bldc-motor. There are a number of
companies manufacturing small motors of very high quality. Companys like
Maxon, Faulhaber-Minimotor , API-Portescap make excellent motors but they
are not made for vacuum. If it would be possible to disassemble the motor and
change the bearings to make them vacuum-compatible, there would be many




 This motor is a bldc-motor with build-in electronics and preloaded ball bearings.
The motor is not reversible and requires an external PWM (pulse with
modulation) for speed regulation, (fig.7).
 Fig.7 Faulhaber-Minimotor.



















 This is a pancake shaped type of bldc-motor with ball bearings. There are no
build-in electronics, only three Hall-effect sensors. The motor is reversible and




 The 22BT-6A is a bldc-motor, which has built-in electronics and a speed signal
output. To regulate the speed an external PWM is required and it is reversible




 With an extra flywheel attached (to get momentum), this could be an interesting
motor, (fig.9). The ball bearings are very small. The shaft diameter is about 2
millimetres, and the motor rotates very smoothly and easyily.
 
 
 Axsys Tech. in US makes a kind of bldc-motor perfectly suitable for this
purpose. It can be ordered without a housing, thus allowing free choice of
bearings. However, the Swedish company who represents Axsys Tech was not
interested in providing the necessary information in time.
6 Home made motor
 To determine the possibility of using ball bearings (of any size) that could be
suitable for vacuum, it was decided to make a home made motor, (fig.10). What
looked to be the perfect motor was found in an old hard disc-drive. The motor is
a bldc-motor made by SHINANO TOKKI CORP (DEM-204N). It was possible
to remove the stator winding and the rotor. The original housing (made from
cast-iron) was replaced with a new housing (made from aluminium) to lower
weight and houses the new bearings. Another advantage is lower weight.
 Three Hall-effect sensors (Allegro A3185), to switch on and off the windings,
were attached to the lower part of the motor house, (fig.11). This kind of sensor
switches on and off when a magnetic flux changes direction i.e. when the rotor
is turning. The rotor has 4 poles and the windings have 6 poles in delta
configuration.
 





 The electronics for a bldc-motor consist of a special drive circuit or
microcontroller (Motrola MC68HC705MC4) together with power transistors.
There are many manufacturers who make this kind of circuits, Motorola, Philips,
Unitrode, Thompson etc. Motorola MC33033 was selected for this test. It is easy
to connect with a minimum of external components (power transistors). There is
a built-in PWM, which only requires a 10k potentiometer. It was possible to
connect the windings in delta or star, 60 or 120 degrees sensor position and the
circuit can cope with a voltage from 10V to 30V. The circuit is also possible to
use with common dc-motors.
Ball bearings
 Contact was made with several ball bearings manufacturers who proposed
different solutions:
 Koyo Kullager Scandinavia AB suggested a bearing in which the balls are lead-
ion plated. This bearing is unfortunately very expensive.
 EMILCO (GRW, SKF, Timken, NSK-RHP) recommended a stainless bearing
with ceramic balls and a solid lubrication in the ball races made by GRW. The
disadvantage was the long delivery time (10 weeks) and the cost, which was
cheaper than KOYO’s but still expensive for the project’s budget.
 
 The bearings recommended by FAG Svenska AB are HCS71900C.T.P4S
(10x22x6), (fig12). These bearings are enclosed and made of steel with ceramic
balls lubricated with grease.
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 FAG/BARDEN CORP makes special types of bearings such as ceramic bearings
nd high precision bearings. These bearings were also selected for testing due to
their the short delivery time and their lower price. Two bearings were needed.
The grease used in these bearings is FAG Arcanol L74V . The bearings are
oversized for our needs but this prolongs their lifetime in vacuum at high rpm's
according to the manufacturers. No manufacturer can guarantee the lifetime of
the bearings. There are some other things to have in mind such as shock, static
friction, viscous friction and off-axis loading. Unfortunately, the time available
for this project was too short to investigate these aspects further.
 Fig.12 Motor with the new bearings.
 
7 Alternatives to ball bearings
 There are a number of composite materials, which could be suitable for bearings.
A material called PEEK, which is a partially crystallised thermoplastic with an
addition of carbon fibre, graphite, and PTFE (teflon). One problem in this
application is that the max. permitted peripheral speed is 1.5 m/s, which is much
too low.
 A Company called MAMAT (Morgan Advanced Materials and Technology Inc.)
claim that their composite bearing material is perfect for environments were it is
not allowed to use any kind of lubrication. At their homepage they list, among
others, a material called MY3A (copper impregnated carbon). This material is
made to run dry and at temperatures up to 350 degrees in air, but the motor shaft
needs to be hardened and grinded to a very fine surface and close limits. There
were no specifications about max. speed.
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 Fig.13: Cutaway view of magnetic bearing design. Design is radially symmetric about the z
axis. 'X'-boxes indicate wires carrying current into the page, all other parts consist of
permeable materials.
 
 A magnetic bearing of interest is the one being developed by Perry Tsao and
Prof. Seth R. Sanders at Berkeley University, (fig13). Their bearing is simple
and not so expensive as similar bearings. It consists of two sets of concentric
rings with the magnetic flux passing axially across the gap between the set of
rings. Because any radial offset creates a restoring force, this bearing is passively
stabilised along the radial axis. Only one position sensor and one actively
controlled electromagnet is required to control this magnetic bearing.
 
8 Tests
 The initial tests with the home made motor were made at atmospheric pressure
with the original motor-bearings. Since they are much smaller than the new
vacuum-compatible bearings, distance-rings were made to fill up the empty
space. After a minor modification of the circuit, which was recommended by
Motorola, the motor was run at 3000 rpm at a voltage of 12V. When the voltage
was increased to 35V (for a short time) it ran at 9000 rpm, i.e. fast enough to
make an evaluation of the motor and the bearings.
 There was not much information available about this motor, only the voltage,
12V. It was decided to measure at least one motor constant. The motor constants
are a function of the coil design, the strength and the direction of the flux lines in
the air gap. It can be shown that the three motor constants normally specified




 The back-emf constant ( kE ):
 
 I A= 0 615. (Current through the windings)
 R = 105. Ω (Resistance of the motor windings)
 V Vcc = 30 6. (Power supply voltage)
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 To reach the desired 9000 rpm, the voltage should be 27.45 V, but the friction
from the bearings and voltage losses in the windings decrease the rpm.
 To estimate the torque, one test was made with the motor assembled with the
























 Fig.14 Torque measuring.
25
 with movement permitted only in the vertical axis. A sensitive scale was
attached to the lever arm, which had a length of 0.1m. The reading from the
scale was 8.5 gram during the acceleration to max. speed. This gives an exerted
moment of:
 M F r M Nm= × ⇒ = 0 00833.
Vacuum test
 To estimate the lifetime of a standard motor, i.e. its bearings under space
conditions, a test in vacuum was performed. The vacuum system consisted of a
chamber, a rough pump, a turbo molecular pump and a vacuum-meter, (fig.15).































 Fig.15 Vacuum system.
 
 During the test the current and the speed were continuously monitored on a
plotter.
 A couple of motors made by Minimotor-Faulhaber (1935S006BRE) and API-
Portescap (22BT-6A) were selected for these tests (see section 5).
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 They are bldc-motors with integrated drive circuits and preloaded ball bearings.
The kind of grease in the bearings was unknown but it was a standard grease that
manufacturers commonly use. Unfortunately, the Maxon 200187 had not arrived
in time to be included in the test.
 
 The Minimotor-Faulhaber runs without any load other than a thin disc (0.2mm)
with a small hole close to the edge (used to measure the speed). This hole will
also make the disc out of balance, which is not an ideal situation for the
bearings. The motor was running continuously without any stop for 7 days until
the test was interrupted. The motor is rated for 6 V but the test was run at 5 V.
 The speed was 6000 rpm and the current 41mA, these numbers didn't change at
all during the week the test lasted. This test was interrupted and the Minimotor-




















 Fig.16 API-Portescap with flywheel and a stand.
 
 The home-made motor was run in a 20 second cycle with the help of a 555-timer
circuit. The power was on for 10 sec and off for 10 sec. The motor needed 7-8
sec to stop rotating, so the resting time was 2-3 sec. then the cycle was repeated.
A 555-tachometer circuit was used to convert the pulse from one of the Hall-
effect sensors to a linear voltage, to plot. The API-Portescap is a small motor. In
order to give the motor a momentum of suitable magnitude, it was necessary to
make an extra flywheel, (fig.16). It rotates very smoothly and easyily without the
flywheel and even better with the flywheel. In the first test the motor
 reached a speed of 18000 rpm, at 13V.
 A different timing circuit was used due to the easy running. The voltage was
limited to 5V. The power was on for 1.5 minute and switched off for 12 minutes.
At this voltage, the motor was accelerated to a speed of 8000 rpm. At this rate
the motor needed 10 minutes to come to rest, giving a resting time of 2 minutes.
The cycle time was 13.5 minutes and was repeated continuously during the test.
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A tachometer circuit was used to convert the speed signal. The speed and the
current were recorded during the test.
Home made motor
 The new housing in aluminium changed the characteristics of the motor because
the cast-iron-housing was enclosing the magnetic flux lines.
 The direction of rotation is random, when starting the motor and the “start
torque” is low. With the new bearings the maximum speed decreased from
9000rpm to 6500rpm at 35 V. The old bearings were lubricated with oil and the























 Fig.17 The vacuum-chamber with the glass diffused with the grease.
 
 The speed during the test was set to 5500 rpm. After six days the home made
motor didn’t start. The grease had evaporated from the bearings and condensed
on the walls of the chamber, (fig.17).
 The motor was disassembled and a closer look showed that the stator windings
had expanded and had contacted the rotor. The rotor showed signs of the contact
with the windings but there were no short-circuits. One of the bearings was
completely dry, free of lubrication. The other one felt, when turning, like it had a




 The motor ran in the vacuum chamber for 62 days and only showed small signs
of increased friction in the bearings. The speed and the current changed, but not
dramatically. The time for the motor to stop after the power has been switched
off decreased from 10 to 6 min. The current increased a few mA since the start,
from 23mA to 27mA, the drive circuits use 10mA, so the real numbers are 13
mA to 17 mA. The speed decreased from 8000 rpm to 7500 rpm. The
temperature in the chamber was 22 °C .  When the test was interrupted, i.e. the
vacuum chamber was opened, the motor could not run in air. When the timer




The failure with the bearings was due to a miss-understanding when talking to
FAG-Svenska AB and FAG/Barden Corp. in England. The information given
from FAG-Svenska AB said that the bearings were lubricated with vacuum
compatible grease (FAG Arcanol L74V). To shorten the delivery time, the
bearings were delivered with standard grease. At Barden Corp. they thought that
we were to change the grease. The result with the home made motor shows that
not only the bearings need to be vacuum compatible, the stator windings need to
be that as well.
The API-Portescap proved to cope with the environment in the vacuum-
chamber. However, at the end of the test, it began to slow down and suffer from
lack of lubrication.
The Maxon (200187) and the API-Portescap (22BT-6A) have both high upper
speed limit and the sizes that make them suitable for use in a reaction-wheel
assembly. If they are mounted in a pressure-chamber they will have long lifetime
as well. Whether these motors finally will pass all the tests required to be
suitable for launching is still to be investigated.
The material chosen for the flywheel was too light. The home-made motor could
never reach the necessary speed. An alloy with Tungsten as one component
could be suitable. But it is essential to think about the total weight of the
satellite, thus the task is to combine the size of the wheel with the weight, i.e. the
density of the material.
Robert Rowntree from ESTL gave some valuable advice about lubrication and
recommended that the reaction-wheel be enclosed and lubricated with oil.
The speed losses with bearings lubricated with grease are not negligible. In the
home made motor the original bearings were lubricated with oil and the
maximum speed was 9000rpm. Due to drag torque the maximum speed was
reduced to 6500 rpm with the new bearings i.e. valuable power was used to
overcome resistance in the bearing and this also lowered the maximum speed.
To keep the reaction-wheel enclosed will prevent it from contact with the rest of




The aim of this work was to find a light weight and small design for a reaction-
wheel, one small enough to fit a nano-satellite. The tests showed that the attempt
to build a reaction-wheel without an enclosing pressure-chamber, to save space
and weight, was not successful. The way to lubricate ball bearings, running in
vacuum, is with vacuum compatible grease. This will however, decrease the top
speed of the motor due to drag torque. Thus valuable power will be lost. For a
safe and reliable design, the wheel should be enclosed in a chamber and
lubricated with oil, despite the fact that this will occupy more space and add
some weight. By allowing for a pressure-chamber, we give a number of
commercial motors to choose from when building a reaction-wheel. Something
interesting to study further is to try either the API-Portescap (22BT-6A) or the
Maxon (200187) motors in a small pressure-chamber and to find a heavier
material for the flywheel.
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